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Introduction
Thiosemicarbazones are of considerable pharmacological interest since a number of derivatives have shown a broad spectrum of chemotherapeutic properties. The wide range of biological activities possessed by substituted thiosemicarbazones and their metal complexes include cytotoxic, antitumor, antibacterial and antiviral properties. This is particularly true for the heterocyclic thiosemicarbazones [1] . It has been suggested that the antitumor activity of heterocyclic thiosemicarbazones is due to the compounds modifying the reductive conversion of ribonucleotides to deoxyribonucleotides as a result of the inhibition of the ribonucleotide reductase enzyme which inhibits DNA synthesis [2] . The ligands coordinate to metal ions inside the cell, forming complexes which supposedly act as the true active species. The biological properties of the ligands can be modified and in fact enhanced, by the linkage to metal ions [3, 4] .
Metal complexes are used in many fields of drug discovery. Platinum coordination compounds are widely used as antitumor drugs. The first platinum antitumor drug introduced in the clinic were cis-diamminedichloroplatinum(II) (cisplatin) and it has become the most widely used anticancer drug in the world. The clinical efficacy of cisplatin and other platinum drugs is diminished by intrinsic and acquired tumor resistance. In addition cisplatin has high toxicity, leading to side effects which limit the administered dose [5] . These limiting issues has led to an intense effort to design new transition metal-based compounds that are capable of overcoming problems associated with cisplatin while maintaining the same level of activity and broadening the spectrum of the therapeutic effect. In attempts to find a new, metal-based anticancer drug with activity complementary to cisplatin, several ruthenium complexes have recently been investigated for their antitumor activity. Very recently, two ruthenium-(III) complexes have also successfully completed phase I clinical trials, namely, NAMI-A [6- 6 ] (en = ethylenediamine) show promising anticancer activity [11] . These monofunctional Ru(II) arene complexes have been considered novel antitumor agents with a mechanism of action different from that of NAMI-A or KP1019. While DNA binding is believed to be the mechanism of action, other factors such as cell uptake will affect the cytotoxic activity and is dependent on the nature, particularly the size, of the arene [11, 12] . In addition, they were found to be active toward cisplatin-resistant cells [13, 14] .
In this paper we report on a study (synthesis, characterization and cytotoxicity) of a series of half-sandwich organometallic ruthenium complexes containing thiosemicarbazones as the chelating ligand.
Results and Discussion

Syntheses and characterization
Complex 1 was synthesized in 54% yield by refluxing [(η 6 -p-cymene)RuCl 2 ] 2 [15] with the ligand [16] in a 2:1 mole ratio in methanol followed by addition of NH 4 PF 6 . The solid was recrystallized from CH 2 Cl 2 and ether (Scheme 1). Complexes 2 and 3 were synthesized by reacting [(η 6 -p-cymene) RuCl 2 ] 2 with the ligand in CH 2 Cl 2 at room temperature, concentrating the reaction solution and adding ether to precipitate the product (Scheme 1). The reaction produced red or orange solids that are insoluble in alcohols and water but are very soluble in acetone, CH 2 Cl 2 and DMSO. For complex 2, crystals suitable for structure determination were grown by slow diffusion of ether into a CH 2 Cl 2 solution of the complex.
NMR spectral studies
The NMR spectra of the complexes were run in DMSO-d 6 as they are very soluble in this solvent. Similar to other p-cymene complexes, 1 and 3 show a loss of the two-fold symmetry of the p-cymene ligand [17] upon coordination of the thiosemicarbazone ligand. This is evidenced by four sets of doublets for the aromatic hydrogen on the p-cymene ligand found between 6.27 -6.52 ppm for 1 and 5.95 -6.02 ppm for 3 [18] . Additionally in 3, the methyl groups of the isopropyl moiety are inequivalent, observed as two singlets at 1.17 and 1.27 ppm. The aromatic protons of the thiosemicarbazone ligand show up between 7.57 and 8.50 ppm, similar to the free ligands. The hydrazinic proton shifts slightly on binding and the imine (HC=N) proton shifts downfield by as much as 0.15 ppm upon coordination.
Infrared spectra
Thiosemicarbazones exhibit characteristic bands corresponding to various groups in specific energy regions. The most significant IR bands in the region 4000 -500 cm −1 are found between 3150 -3450 (assigned to NH stretching vibrations); 1580 -1625 (assigned to C=N + NH); and ~ 820 -900 (assigned to C=S vibration). The characteristic absorption peaks of all complexes are similar. There are three or two bands in the ν(N-H) region and these signals play an important role in evaluating the nature of the bonding in thiosemicarbazone complexes. The presence of a band corresponding to hydrazinic N(2)-H group, suggests the coordination of a thiosemicarbazone to the metal center in a neutral form, while its absence, is suggestive of deprotonation in the complexes. In all the complexes, there is a band at ~3200 -3130 cm −1 which is assigned to the hydrazinic N(2)-H group and this support the thione formulation of the ligand in the complexes. The other band(s) (at ~ 3450 -3350 cm −1 ) are the stretching vibrations of the terminal amino N(3)-H group and do not shift significantly on complexation; the shift is due to change in the electron density upon complexation of the thiocarbonyl sulfur. In the complexes the medium intensity band ascribed to υ(C=N) are shifted by up to 25 cm −1 to lower energy upon complexation. This negative shift indicates that the azomethine nitrogen (N(1)) coordinates to the metal [19, 20] . The involvement of the thiocarbonyl group can similarly be inferred from the wavenumber shifts that occur on binding. The band in the free ligand at ~840 cm −1 which we attribute to the C=S group shifts to lower frequencies by 5 -25 cm −1 . The size of the shifts suggest that the ligand coordinates as a neutral, bidentate (through the azomethine nitrogen and thiocarbonyl sulfur) ligand in all the complexes.
Crystal Structure
Crystallogaphic data for 2·CH 2 Cl 2 are given in Table 1 . This represents the first example of a structurally characterized half-sandwich ruthenium arene complex with a thiosemicarbazone ligand. The molecular structure of cation 2 ( Fig. 1) adopts the archetypical piano-stool geometry of ruthenium half-sandwich arene complexes. The metal is coordinated by the pcymene, a terminal chloride and the chelating thiosemicarbazone ligand. The relevant bond lengths and selected bond angles are given in Table 2 . The metal center has essentially octahedral coordination geometry with some distortion. The Ru-Cl, Ru-S and Ru-N are comparable to other structurally characterized ruthenium are complexes with similar N-S donor ligands (unpublished work). Hamaker [21] have reported a series of complexes with an iminethioether donor set, [(η 6 -p-cymene) RuCl(MeSC 6 H 4 -2-N=CH-C 6 H 4 -p-X] + ; these complexes have Ru-N bond lengths ranging from 2.099 -2.132 Å, Ru-Cl bond lengths from 2.3978 -2,4227 Å and Ru-S from 2.3397 -2.3496 Å. Our values of 2.1452(6) Å, 2.4169(17) Å and 2.3547(6) Å are only slightly longer. The bond angles through ruthenium involving the three legs of the piano-stool are in the range of 82-86° indicating a distortion from a regular octahedron (90°). The average Ru-C arene bond of 2.215 Å is in line with other ruthenium arene half-sandwich complexes [22] and the Ru-centroid distance is 1.699 Å which is similar to our unpublished compounds and close to the values reported by the Hamaker group. The p-cymene ligand is somewhat asymmetrically coordinated to the ruthenium. The Ru(1)-C(6) and Ru(1)-C(7) bonds (average 2.258 Å) are somewhat longer than the Ru(1)-C(8) and Ru(1)-C(9) pair (average 2.175 Å). Among the other pair, Ru(1)-C(4) and Ru(1)-C(5 have different lengths. All this leads to a twist in the arene ligand at C(4), possibly to limit any steric interaction between C(1) methyl of the isopropyl group and the S(1) of the thiosemicarbazone ligand.
Electrochemistry
The electrochemical (cyclic voltammetry) behavior of the complexes has been studied in dichloromethane using a scan rate of 100 mV/s and tetrabutylammonium hexafluorophosphate as the supporting electrolyte. The complexes showed similar features in the investigated sweep range (0 -2.0 V). There is one irreversible oxidation wave (Fig. 2) corresponding to the Ru (II)/Ru(III) couple: relative to the Fc/Fc + , E pa was 1024, 1042, 1106 mV for complexes 1, 2 and 3 respectively. There is also an ill-defined oxidation wave at higher potential (near 1700 mV) that becomes more defined as the scan rate increased. As far as we know there are no reports of electrochemical studies on half-sandwich ruthenium arene complexes with thiosemicarbazones. So another comparison with the Hamaker [21] complexes (E pa 1180 -1336), suggest that with the thione as opposed to the thioether group, the ruthenium center is more easily oxidized.
Interaction of complexes with ct-DNA
In biological systems, complexes will encounter an array of biomolecules with which they could potentially react. Hence, it is important to gain a detailed understanding of such interactions. Since DNA is the primary target of the classical platinum anticancer drugs, binding studies of ruthenium(II) arene complexes with this molecule is important. It is recognized that the nature of the arene group affects the mode of binding of these complexes to DNA. It has been reported that for a series of complexes, [(η 6 -arene)Ru(en)(Cl)] + intercalation or groove binding is the principal mode of interaction when the arene is biphenyl or anthracene derivatives, group that possess flat extended aromatic rings [23] . The mode was different for the p-cymene derivative. In order to investigate the interaction mode between the complexes and ct-DNA, the ethidium bromide (EB) fluorescence displacement experiment was also employed. EB emits intense fluorescent light in the presence of DNA due to its strong intercalation between the adjacent DNA base pairs. The displacement technique is based on the decrease of this fluorescence resulting from the displacement of EB from a DNA sequence by a quencher. The quenching is due to the reduction of the number of binding sites on the DNA that is available to the EB. The method therefore provides indirect evidence for an intercalative binding mode. The extent of fluorescence quenching may also be used to determine the extent of binding between the quencher and DNA. Complex 1 was used to illustrate this concept. On titration of the EB-DNA solution with 1, there is reduction in the fluorescence intensity at λ em = 600 nm as the [Ru] increases. The spectra show no significant changes in shape or wavelength. This clearly indicates that some EB molecules are displaced from their DNA binding sites and replaced by the complex and it is fair to conclude that some intercalation has occurred. A quantitative estimation of quenching can be obtained from a Stern-Volmer analysis of the data. According to the Stern-Volmer equation (1) [24] , the relative fluorescence is directly proportional to the concentration of the quencher: (1) where F 0 and F are the fluorescence emission intensities of the EB-DNA system before and after the addition of the complexes, K SV is the Stern-Volmer quenching constant and [Q] is the concentration of the quencher (1). The quenching constants, calculated from the slope of the Stern-Volmer plot (F 0 /F vs [Q]) shown in Fig. 3 , were found to be 3.73 ×10 3 M −1 and 2.17 × 10 3 M −1 at 298 K and 303 K, respectively. The linearity of the quenching plots illustrate that the quenching is in good agreement with the Stern-Volmer equation. The linearity also indicates that only one type of quenching process is in operation. It is well known that quenching occurs through a static (involving the formation of quencher-fluorophore complex) or dynamic process. High temperatures tend to disrupt ground state complex formation. This fact can be used to establish which mechanism is in operation. The value of the Stern-Volmer quenching constant should decrease with an increase in temperature as the ground state complex becomes less stable. The reverse will be observed for dynamic quenching. The values obtained illustrates that quenching by the complex is predominantly static. A bimolecular quenching constant (K q ) can be calculated from the Stern-Volmer constant: K SV = K q τ 0 , where τ 0 is the lifetime of the fluorophore and is 22 ns [25] . For 1 K q is at least an order of magnitude larger than the limiting value of 10 10 M −1 s −1 [24] , considered the largest possible value in aqueous medium. This confirms that the fluorescence quenching is not the result of dynamic quenching, but rather a consequence of static quenching.
Viscometric studies
As a means for further clarifying the binding of the complexes with DNA, the viscosity of DNA solutions containing varying amount of added complex were measured. Photophysical probes such as absorption or fluorescence measurements generally provide significant but inconclusive evidence to support an intercalative binding model. Among the common methods, hydrodynamic methods (viscometry in particular) that are sensitive to DNA length changes are the most definitive tests of the classical intercalation model of binding in solution. Besides the ability to unwind DNA, a classical intercalator will cause an increase in the viscosity of a DNA solution since the DNA helix must lengthen as base pairs are separated to accommodate the binding ligand [26] . According to theory of Cohen and Eisenberg [27] viscosity data were plotted as (η/η 0 ) 1/3 versus the binding ratio ([Ru]/[DNA]) as shown in Fig. 4 . For all the complexes, it was observed that increasing the complex concentration led to a general increase in the viscosity of the DNA solution. Thus together with the results from the EB displacement experiments, we may conclude that the complexes are intercalators. A look at the structure for 2 shows that the p-cymene moiety is incapable of intercalation into DNA as the isopropyl subgroup deviates significantly out of the plane. In addition the π-electrons are used in bonding to ruthenium. So it is clear that the flat aromatic portion of the thiosemicarbazone ligand is responsible for the intercalation.
Cytotoxicity studies
Compounds 1 -3 were evaluated for their cytotoxicity in a panel of human tumor cell lines -MCF-7 and MDA-MB-231 (breast adenocarcinoma) as well as HCT 116 and HT-29 (colorectal carcinoma) -by means of a colorimetric assay (MTS assay) which measures mitochondrial dehydrogenase activity as an indication of cell viability. The effects of the compounds on the viability of these cells were evaluated after an exposure period of 72 h. All the complexes showed moderate cytotoxic potencies and their IC 50 values, corresponding to inhibition of cancer cell growth at the 50% level, are listed in Table 3 . As a general observation, complex 2 is the most active against all the cell lines. Also the alkyl group on N(3) is non-innocent as there appears to be an decrease in potency as the alkyl group gets bigger. Between cell lines there is also another clearly discernible trend in that the compounds showed higher activities against the MDA-MB-231 cells, which are estrogen receptor negative (ER(−)) versus the ER (+) MCF-7 cells. There is a similar trend present in the colon cell lines -activity is higher in the HCT-116 cells which normally does not express cyclooxygenase COX-2.
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